The formation and adsorption of CO from CO 2 and H 2 at high pressures were studied over alumina-supported noble metal catalysts (Pt, Pd, Rh, Ru) by in situ FTIR measurements. To examine the effects of surface structure of supported metal particles and water vapor on the CO adsorption, FTIR spectra were collected at 323 K with untreated and heat (673 K) treated catalysts in the absence and presence of water (H 2 O, D 2 O). It was observed that the adsorption of CO occurred on all the metal catalysts at high pressures, some CO species still remained adsorbed under ambient conditions after the high pressure FTIR measurements, and the frequencies of the adsorbed CO species were lower either for the heat treated samples or in the presence of water vapor. It is assumed that the CO absorption bands on atomically smoother surfaces appear at lower frequencies and that water molecules are adsorbed more preferentially on atomically rough surfaces rather than CO species.
Introduction
Dense phase CO 2 is one of interesting components for homogeneous and heterogeneous (multiphase) reaction media. [1] [2] [3] [4] [5] [6] [7] [8] When hydrogenation reactions are conducted with supported metal catalysts in the presence of pressurized H 2 and CO 2 , there is a possibility of the formation and adsorption of CO through reverse water gas shift reaction or other pathways. Using in situ high pressure FTIR techniques, a few authors investigated this phenomenon important in catalytic hydrogenation and other reactions in the presence of dense phase CO 2 . [9] [10] [11] [12] [13] [14] [15] Baiker et al. used attenuated total reflection infrared spectroscopy (ATR-IR) to follow the reaction of CO 2 with H 2 over alumina-supported Pt catalyst in the form of thin film in cyclohexane at 313 K. 9, 10, 12 It is indicated that carbonate-like species are formed from CO 2 adsorbed on the support and then react with H 2 , forming CO. The formation of CO was responsible for the catalyst deactivation observed in hydrogenation of ethyl pyruvate in supercritical CO 2 .
Subramaniam et al. investigated the formation and adsorption of CO over hydrogenation catalysts (alumina-supported Pd, Ru, Ni) at 13.6 MPa and at 342 K using in situ Fourier transform infrared spectroscopy (FTIR) technique using pelletized catalyst samples. 13 They state that CO is formed through the reverse water gas shift reaction (CO 2 + H 2  CO + H 2 O) on Pd but not on Ru and Ni; so, the latter two metal catalysts may be suitable for hydrogenation in the presence of dense phase CO 2 because catalyst deactivation due to CO adsorption would be unlikely to occur. The present authors made a similar in situ FTIR study with alumina-and carbon-supported Rh catalysts at 323 K and at different CO 2 pressures. 15 The formation and adsorption of CO was observed on both catalysts. The CO species adsorbed on the carbon-supported catalyst disappeared when the pressure was released to ambient pressure, while some CO species still remained on the alumina-supported catalyst. That is, CO is strongly adsorbed on the surface of alumina-supported Rh particles and this may explain its rapid deactivation during hydrogenation of phenol in the mixture of H 2 (4 MPa) + CO 2 (8 MPa or 14 MPa).
Those results demonstrate the significance of CO formed from H 2 + CO 2 for heterogeneous catalytic hydrogenation and other reactions, including those in CO 2 -dissolved expanded liquid phases. There still remains one important issue, which is the role of water formed along with CO from H 2 + CO 2 in the formation and adsorption of CO and in the catalytic reactions. Lefferts et al. investigated CO adsorption and oxidation over alumina-supported Pt and Pd catalysts in gas and aqueous phases by ATR-IR technique. 16, 17 From the observations of red-shift and intensity enhancement of CO absorption band, they assume that water may modify the potential of supported metal particles and interact directly with CO molecules on their surfaces in aqueous phase. It is also assumed that the oxidation of CO is promoted by the formation of an activated complex of CO and water molecules. For the CO adsorption on a Ru(001) single crystal, Nakamura and Ito observed a similar red-shift of linear CO absorption band in the presence of water and the red-shift was ascribed to an electron transfer from a lone pair of a water molecule to CO 2*, 18 in common for the surfaces of Ru(001) under both vacuum and solution conditions. Using ATR-FTIR, a similar red-shift was also reported by Layman et al. for a hydrated Ru/Al 2 O 3 catalyst, which was explained by dipole-dipole interaction between co-adsorbed CO and water molecules. 19 In contrast, Solymosi et al. did not observe such a significant shift for a Ru/Al 2 O 3 catalyst that was exposed to CO (ca. 67 Pa) in the presence of water (ca. 13 Pa) at 300 K. 20 Note that there is only a small amount of water present in the reaction systems of our interest, which exists in CO 2 -rich gas phase, CO 2 -dissolved organic liquid phase, or at interface between gas and organic liquid phases. Recently, the authors have communicated that the selective hydrogenation of aromatic nitro compounds into the corresponding amines is achieved in the presence of pressurized CO 2 and, in addition, the positive effect of CO 2 pressurization can appear at a lower pressure (around 1 MPa) in the presence of water. 21 But, the influence of water addition is still not clear at present.
Based on those previous interesting observations in multiphase mixtures including CO 2 , H 2 , and water, the present work was undertaken to investigate the formation and adsorption of CO from the mixture of CO 2 and H 2 on several alumina-supported noble metal (Pt, Pd, Rh, Ru) catalysts in the presence of water vapor at high pressures. In situ FTIR technique was used to examine the state of CO adsorbed on the catalysts at different pressures, in which either CO 2 + H 2 or CO was a source of CO and either H 2 O or D 2 O was used. The influence of water vapor on the CO formation and adsorption was discussed in detail. It is proposed that CO molecules formed from the CO 2 and H 2 mixture are adsorbed on different surface sites and those on high Miller index surfaces (atomically rough surfaces) are replaced by water molecules.
Experimental

Catalyst samples
Four Al 2 O 3 -supported Pt, Pd, Rh, and Ru catalysts were purchased from Wako. The catalyst samples were used without further treatment and with reduction by flowing H 2 (99.99 % in volume) at 673 K for 3 h in a furnace, which will be referred to as untreated (UT) and heat treated (HT) samples, respectively, in the following. These Al 2 O 3 -supported metal catalysts were examined by transmission electron microscopy (JEOL JEM-2000ES). The catalyst was ground in a mortar and dispersed in ethanol; a few drops of the suspension were put on a carbon-coated collodion film on TEM grid and dried under ambient conditions. The metal particle size distributions were determined on the TEM pictures obtained. Those results will be presented in 3.1.
In situ FTIR measurements
An Al 2 O 3 -supported metal catalyst (30 mg) was ground in a mortar and the catalyst powder was pressurized at 50 MPa for 1 h to prepare a catalyst pellet. The pelletized catalyst sample was placed in a high-pressure FTIR cell (JASCO). The cell volume was 1.5 cm 3 and the optical pathway was 1 cm. The cell was purged by H 2 gas (99.99 %) a few times to remove the air and heated to 343 K; H 2 was further introduced to 4 MPa and maintained at this temperature for 1 h. The cell was cooled to 323 K, purged again by atmospheric H 2 a few times, and introduced with high pressure H 2 and then CO 2 (99.99%). In situ FTIR measurements were made at a H 2 pressure of 4 MPa and at different CO 2 pressures up to 20 MPa using a JASCO FTIR-620 spectrometer with a resolution of 2 cm -1 . The spectra collected in the presence of 4 MPa H 2 and CO 2 at different pressures were used as background. After the measurements at high pressures, the gases in the cell were released to ambient pressure and FTIR spectra were further collected. The FTIR setup and procedures used were described in more detail in previous works. 15, 22, 23 Moreover, similar FTIR measurements were made in the presence of water vapor, in which 10 L of water was put into the bottom of the cell loaded with the pelletized catalyst and then the sample was treated by H 2 in the same manners as described above. In situ FTIR spectra were collected at 4 MPa H 2 , at 20 MPa CO 2 , and at 323 K using the spectrum measured in the presence of the H 2 gas and water as background. The vapor pressure of water is 12.3 kPa at this temperature. 24 The adsorption of CO was also measured in similar procedures using CO instead of CO 2 + H 2 for a selected sample. The pelletized catalyst sample reduced with H 2 , the FTIR cell was purged by H 2 a few times, the sample was exposed to 1% CO (He balance) and the FTIR spectra were collected in the presence of water vapor. The FTIR measurement was also made in the absence of water; then, a small amount of water was added into the cell and the FTIR spectra were further measured. The water was introduced into the cell with a syringe through a small hole where nitrogen gas was flowing out. In the following, in situ FTIR spectra measured with those different supported noble metal catalysts at high pressures will be presented.
Results and discussion
TEM of Al 2 O 3 -supported Noble Metal Catalysts
Formation and Adsorption of CO from CO 2 + H 2 in the Absence of
Water
In situ high-pressure FTIR spectra were collected with the four Al 2 O 3 supported noble metal catalysts, untreated (UT) and heat-treated (HT), under different conditions. A few different types of CO adsorption were detected and their structures were determined according to the literature, as summarized in Table 1 . Figures 3A gives FTIR spectra of UT-Pt/Al 2 O 3 collected on exposure to H 2 + CO 2 at 323 K and at different pressures. The CO absorption band is seen after the pre-reduction with 4 MPa H 2 at 343 K in the absence of CO 2 ( Figure 3A , line 1). Figure 4 shows the FTIR spectra of the same sample in a wider frequency range, including the result after the reduction with H 2 at 0.1 MPa as well. It is indicated that the CO absorption band appears even after the reduction with H 2 at a lower pressure of 0.1 MPa, similar to that at 4 MPa. Figure 4 shows that there is an absorption band at 1650 cm -1 before the reduction, which may be assigned to carbonate type species 47 and physisorbed water on the support. The amount of such carbonate species should be small and so the other expected weaker absorption band at about 1250 cm -1 is not clear.
This band at 1650 cm -1 decreases in the intensity after the reduction but new absorption bands appear at 1750 cm -1 and 2050 cm -1 assignable to the CO species. It is assumed, therefore, that the CO species seen after the pre-treatment with H 2 result from the reduction of the surface carbonate species on the catalyst sample. This is the same for the other samples of Rh/Al 2 O 3 and Ru/Al 2 O 3 catalysts except for Pd/Al 2 O 3 . The CO 2 -derived species should exist on the surface of Al 2 O 3 but not on the metals since the same adsorbed species were seen for metal-free Al 2 O 3 support itself (the corresponding FTIR spectra are given in Supporting Information). Figure 3A shows that the absorption bands exist at 1750 -1850 cm -1 and 1900 -2100 cm -1 , which may be ascribed to bridge type and linear type of CO adsorbed on the surface of supported Pt particles, respectively. [25] [26] [27] [28] [29] [30] [31] [32] When the CO 2 pressure is raised, the CO absorption band at 1900 -2100 cm -1 increases while that at 1700 -1850 cm -1 does not change so much. Namely, the amount of linearly adsorbed CO species increases with the pressure up to about 10 MPa and remains almost unchanged at higher pressures. When the pressure was released to ambient pressure after the high-pressure measurements, some CO species were still present on the catalyst. Similar results were obtained with HT-Pt/Al 2 O 3 sample ( Figure 3B ). As mentioned above, the absorption band at 1900 -2100 cm -1 , which has a peak at about 2080 cm -1 and a shoulder peak at about 2040 cm -1 , changes in intensity with CO 2 pressure. The intensity of the main peak at 2080 cm -1 against the shoulder peak at 2020 cm -1 seems to be larger for the HT sample having a larger metal particle size of 4.3 nm compared to that for the above-mentioned UT sample of 3.4 nm. The absorption band located at 2080 cm -1 is assigned to CO adsorbed on Pt terrace sites, while that at 2040 cm -1 is ascribable to CO adsorbed on edge, corner and/or kink Pt sites. 26, [29] [30] [31] [32] The fraction of the terrace sites would be larger for the surface of larger Pt particles, which may explain the relatively stronger intensity of the main peak at the higher frequency as observed for the HT-Pt/Al 2 O 3 . Previously, Xu and Yates investigated the adsorption of CO on Pt(335) and Pt(112) surfaces. 26 They indicated that the frequency of linear CO on the Pt(335) step site was 2070 cm -1 but 2064 cm -1 on the Pt(112) step site, due to the difference in the step density, for which the surface of Pt(335) was more similar to that of larger Pt particles rather than Pt(112).
(b) Pd/Al 2 O 3
In situ FTIR results obtained with UT-Pd/Al 2 O 3 are given in Figure 5A . Two CO absorption bands may be distinguished at 1980 -2080 cm -1 and 1760 -1980 cm -1 . Although the presence of carbonate species was detected on the catalyst (not shown), no CO adsorption was observed after the reduction (before the introduction of CO 2 ). The former is assigned to CO species linearly adsorbed on Pd while the latter to the adsorbed CO species of bridge type. [33] [34] [35] [36] The absorption band of the bridge CO is larger than that of linear CO and increases with CO 2 pressure. It is reported that the extinction coefficient is larger for the bridge CO species on Pd than for the linear ones. 48 Figure 6A gives in situ FTIR spectra with UT-Rh/Al 2 O 3 . Similar to Pt/Al 2 O 3 , the CO adsorption was detected on Rh under ambient condition after the reduction. It is reported that CO can be adsorbed on Rh in different types of linear, bridged, and twin CO species and the latter one is replaced by hydride CO species in the presence of H 2 . [37] [38] [39] [40] The absorption band of twin CO appears at a higher frequency (2035 -2100 cm -1 ) than that for linear CO (2060 -2070 cm -1 ). Then, the absorption band observed at 1900 -2030 cm -1 may be due to the linear CO and/or the hydride CO and that at 1700 -1900 cm -1 to the bridge CO. When the CO 2 pressure was raised, the absorption band of the linear and/or hydride CO species mainly increased. Some CO species remained on depressurization to atmospheric pressure, similar to Pt/Al 2 O 3 and Pd/Al 2 O 3 . In the present work, we detected the formation and adsorption of CO from H 2 + CO 2 mixture at high pressures for Rh/Al 2 O 3 , similar to Baiker et al.
with ATR-IR, 12 but Subramaniam et al. did not by transmission FTIR. 13 The latter authors suggest that CO is not formed or may be methanated immediately it is formed.
Figure 6
Similar results were also obtained for HT-Rh/Al 2 O 3 sample ( Figure 6B ). The 
(d) Ru/Al 2 O 3
Alike Pt/Al 2 O 3 and Rh/Al 2 O 3 , the CO adsorption was detected at ambient pressure after the reduction. Figure 7 shows a broad absorption band at 1800 -2040 cm -1 , which may be assigned to linearly adsorbed CO species at about 2020 cm -1 and bridge CO species at 1940 cm -1 . [41] [42] [43] [44] [45] [46] This broad band increases with CO 2 pressure for the UT-and HT-Ru/Al 2 O 3 catalysts. Some CO species remained adsorbed on Ru even when the CO 2 pressure was decreased. The shape of the CO absorption band is significantly different between the UT-and HT-Ru/Al 2 O 3 samples; the ratio of the higher frequency band against the lower frequency one is larger for the latter sample, which has a larger Ru particle size (3.5 nm) having smoother surfaces, compared to the former UT sample (2.4 nm).
Figure 7
The above-mentioned results with the four Al 2 O 3 -supported noble metal catalysts are summarized as follows. CO is formed from CO 2 + H 2 mixture at a low temperature of 323 K and at high pressures and adsorbed on the metals. The CO adsorption tends to be promoted by increasing CO 2 pressure. The type of the adsorbed CO species that significantly increase with the pressure depends on the metals, which is linear CO for Pt, bridge CO for Pd, linear and/or hydride CO for Rh, and linear and bridge CO for Ru. For Pt, the frequency of the linear CO is higher for the HT catalyst having larger metal particles. Similar to Pt, the HT-Rh/Al 2 O 3 catalyst shows a higher frequency of the linear and hydride CO species, as compared to the UT catalyst. It is impossible to mention the difference in the frequency of the same type of CO adsorbed on UT and HT Pd catalysts because the shapes of the CO absorption band at 1760 -1980 cm -1 (bridge CO) are similar between these two samples. For Ru, the shapes of the CO absorption band are different between the UT and HT samples. One can say two possibilities that the sizes of supported Ru particles (2.4 nm, 3.5 nm) influence the relative amounts of linear and bridge CO species or the frequency of the same type of CO adsorption (linear or bridge).
Formation and Adsorption of CO from CO 2 + H 2 in the Presence of
Water (H 2 O, D 2 O)
In situ FTIR measurements were made for the four UT noble metal catalysts in the presence of water (H 2 O) vapor. The spectra obtained in the absence and presence of water at a selected CO 2 pressure of 20 MPa will be compared in the following. Figure 8A gives FTIR spectra with UT-Pt/Al 2 O 3 catalyst after reduction, at a CO 2 pressure of 20 MPa, and after depressurization. The CO adsorption can also be seen after the reduction in the presence of H 2 O but most of the adsorbed CO species are bridge type at 1750 -1850 cm -1 . [25] [26] [27] [28] [29] [30] [31] [32] The CO 2 pressurization enhances the absorption bands due to the linear and bridged CO at 1900 -2100 cm -1 and 1750 -1850 cm -1 , respectively. Note that the linear CO absorption band seems to lean to lower frequency in the presence of water vapor, which has a vapor pressure of 12.3 kPa at 323 K. Both the linear and the bridge CO species are still adsorbed under ambient conditions after the depressurization. Figure 8B . No CO adsorption was detected after reduction, similar to the case in the absence of H 2 O. An absorption band appeared at 1980 -1760 cm -1 at 20 MP CO 2 , which could be assigned to bridge CO species. [33] [34] [35] [36] It is noteworthy that the bridge CO absorption band is red-shifted by about 55 cm -1 on the addition of water vapor. These bridge CO species remained after the depressurization.
(a) Pt/Al 2 O 3
(c) Rh/Al 2 O 3
Similar absorption bands were observed with UT-Rh/Al 2 O 3 in the presence and absence of H 2 O, as shown in Figure 8C . In the presence of water vapor, however, the absorption band of linear and/or hydride CO 37-40 is shifted to a lower frequency range of 2000 -1880 cm -1 while such a significant shift is not seen for the bridge CO absorption at 1880 -1740 cm -1 . After the depressurization, some of those CO species are still adsorbed in the same shapes of the absorption bands as at 20 MPa CO 2 .
(d) Ru/Al 2 O 3
Similar effects of water vapor on the formation and adsorption of CO were observed for UT-Ru/Al 2 O 3 catalyst (Figure 9 ). In the presence of H 2 O, the CO absorption band seems to lean to lower frequency.
Figure 9
Those results show that the CO absorption band is located at lower frequency in the presence of H 2 O, for the linear CO on Pt, for the bridge CO on Pd, for the linear and/or hydride CO on Rh, and for the linear and bridge CO on Ru. Such a red-shift is clearly seen for Pd/Al 2 O 3 ( Figure 8B ) and Rh/Al 2 O 3 ( Figure 8C ) catalysts. The same in situ FTIR measurements were made but in the presence of D 2 O instead of H 2 O. Before these measurements, the absorption of CO dissolved in H 2 O and D 2 O liquids at 5 MPa was examined by high-pressure ATR-FTIR. 23 The peak positions of (CO) absorption band were observed at different frequencies, at 2168 cm -1 in H 2 O but 2174 cm -1 in D 2 O.
The spectra obtained in the presence of water vapor (H 2 O, D 2 O) are also given in additional absorption band appeared at 1820 -1730 cm -1 , which could be assignable to bridge CO. [41] [42] [43] [44] [45] [46] The adsorption of water may occur on both the Al 2 O 3 support and the noble metals. Unfortunately it was difficult to distinguish the water molecules adsorbed on the support and those on the metals by FTIR measurements. This is because the absorption band assignable to the adsorbed water species was very broad due to hydrogen bonding (typical FTIR spectra are given in Supporting Information).
Adsorption of CO in the Presence of Water (H 2 O)
The authors further examined the adsorption of CO (not from CO 2 + H 2 ) in the presence of water. Figure 10 shows the FTIR results obtained with the four UT-catalysts. The UT-Rh/Al 2 O 3 catalyst was previously used for hydrogenation of phenol, in which the catalyst deactivation occurred rapidly in the presence of dense phase CO 2 . 15 The catalyst sample was reduced by H 2 and then exposed to CO at atmospheric pressure ( Figure   10C ). The CO absorption band was seen at the same frequency range of 2060 -1720 cm -1 (line 1, Figure 10 ), as observed with CO 2 + H 2 (Figure 5 ), assignable to the linear and/or hydride CO species. [37] [38] [39] [40] When the FTIR cell was purged with N 2 , the shape of the absorption band changed, in which the absorption at higher frequency became stronger compared to that at low frequency (line 2). Then, H 2 O was added and the absorption band at higher frequency was shifted to lower frequency (line 3). This red-shift was also the same as seen in the presence of CO 2 , H 2 , and H 2 O ( Figure 8C ).
After these FTIR measurements, CO was again introduced into the cell but this hardly changed the CO absorption band (line 4). Those results show that the red-shift of CO absorption band at higher frequency occurs when either H 2 O co-exists or H 2 O is introduced after the adsorption of CO. This is also the case for the other UT-catalysts, as can been seen from Figures 8 and 10 . Figure 10 
Influence of Water Vapor
There was no difference between H 2 O and D 2 O in the impact on the CO absorption bands. Water molecules in the vapor phase and adsorbed on the catalysts are unlikely to interact directly with the CO species adsorbed on the supported noble metal particles.
Considering the above-mentioned FTIR results, we propose for Pt and Pd that water molecules may be more preferentially adsorbed on atomically rough surfaces (high Miller index planes) rather than CO molecules; the CO species may be adsorbed on atomically smoother surfaces (low Miler index planes), as illustrated in Figure 11 .
Lefferts et al. studied the CO adsorption on Pt/Al 2 O 3 catalyst in an aqueous phase using ATR-IR technique. 16 They observed a similar red-shift of the CO absorption band and an enhancement of this band in the presence of liquid water. They assume that these effects of water result from direct and indirect interactions of water molecules with the adsorbed CO molecules and with the supported Pt particles. In our experiments, the state of water in our systems is vapor but not bulk liquid; it is unlikely that gaseous water molecules have a significant direct interaction with the adsorbed CO molecules and cause a significant electronic modification of the supported noble metal particles although there is a possibility that some water molecules are adsorbed near the metal particles. For Ru and Rh catalysts on which linear/hydride CO species and linear/bridge ones are adsorbed, respectively, we propose that the linear CO species are preferentially displaced by water molecules. It is also assumed for Ru and Rh, similar to Pt, that the linear CO species may be adsorbed on atomically rough surfaces while the hydride and bridge ones on atomically smoother surface. Thus, the water molecules are more likely to be adsorbed on rough surfaces than CO and so the water addition prevents the adsorption of CO in the linear type on those metal surfaces. Layman et al. studied the CO adsorption on hydrated Ru/Al 2 O 3 catalyst using ATR-FTIR and observed a red-shift of the CO absorption band for this sample as compared with untreated one. 19 Considering the dependence of the red-shift on the amount of water adsorbed and on the presence of flowing liquid water, they assumed that this red-shift resulted from dipole-dipole interaction between the co-adsorbed CO and water molecules.
Figure 11
In most of our FTIR experiments, water was already present in the cell when either CO 2 or CO was introduced into it. The authors also made other FTIR experiments in which water was added into the cell after the introduction of CO at ambient pressure (see the above section 3.4.). The same effects of water addition on the CO absorption bands were observed for these two procedures of pre-and post-addition of water. One can say that CO cannot be formed and adsorbed on atomically rough surface sites on which water molecules were pre-adsorbed and that CO species pre-adsorbed on those sites can be replaced by water molecules.
Previously, Thiel and Madey published a comprehensive review on the interaction of water with solid surfaces. 49 It is mentioned that desorption of water adsorbed on rougher (110) surfaces of Pt, Pd, Ni, and Cu occurs at significantly higher temperatures compared to the corresponding smooth (100) and (111) surfaces. The interaction of water of Lewis base character should be stronger with the metal of more Lewis acidic character (more electron-deficient on rougher surfaces), which enhances its ability to accept electrons from the H 2 O molecule. This is a simple picture but useful to understand our results. It is speculated that interactions of atomically rough surfaces with water are stronger than those with CO and so the pre-adsorbed CO species on these surfaces may be displaced by the preferential adsorption of water, as observed in our (dicarbonyl) types. 55 They observed that, when the catalyst was exposed to PH 3 , the twin CO was preferentially displaced with the PH 3 species. At 300 K or above, the bridge CO was also displaced by phosphine adsorption. That is, the phosphine is more likely to ligand to these Rh sites and it can replace the CO adsorbed thereon, similar to our system of CO (CO 2 + H 2 ) and water on Al 2 O 3 supported noble metal catalysts.
The present results demonstrate the effects of water vapor on the formation and adsorption of CO in CO 2 + H 2 mixture in the presence of supported noble metal catalysts. In our laboratory, further works are on-going on the same subject in the presence of both water and such an organic substrate as phenol, benzonitrile, and so on by in situ FTIR and on the influence of water upon the outcome (total conversion, product selectivity, and catalyst deactivation) of its hydrogenation reaction over supported noble metal catalysts. The work should be interesting for structure-selective catalytic reactions, in which the adsorption of substrate, CO, water, and H 2 on different surfaces of metal particles should be considered.
Conclusions
The formation and adsorption of CO from CO 2 and H 2 occur over Al 2 O 3 -supported Pt, Pd, Rh, and Ru catalysts, proved by in situ high-pressure FTIR measurements. The main CO species increasing with CO 2 pressure are linear CO for Pt, bridged CO for Pd, linear and hydride CO for Rh, and linear and bridge CO for Ru. The absorption band of the linear CO species on Pt is red-shifted for the heat-treated catalyst and so these are assumed to indicate lower frequencies on atomically smoother surfaces. When water is present, the CO is also formed and adsorbed on those catalysts but the CO absorption bands appear at lower frequencies. Direct interactions of the adsorbed CO species with water molecules in the gas phase and adsorbed on the catalysts are unlikely to occur but water molecules may be more preferentially adsorbed on atomically rough surfaces rather than the CO molecules. 
Figure 11.
Illustration of the influence of water on the adsorption of CO on the surface of supported noble metal particles in the absence and presence of water vapor 
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